Rationale: Thoracic aortic aneurysms leading to acute aortic dissections (TAAD) can be inherited in families in an autosomal dominant manner. As part of the spectrum of clinical heterogeneity of familial TAAD, we recently described families with multiple members that had TAAD and intracranial aneurysms or TAAD and intracranial and abdominal aortic aneurysms inherited in an autosomal dominant manner.
A neurysms involving the ascending thoracic aorta leading to acute aortic dissections (TAAD) can be inherited in families in an autosomal dominant manner with decreased penetrance and variable expression, termed familial thoracic aortic aneurysms and dissections (FTAAD). 1 The phenotypic variability is evident within families and between unrelated families, not only in the age of onset and aortic disease presentation but also in the presence of other clinical features that segregate with TAAD, which can include congenital defects (eg, bicuspid aortic valve or patent ductus arteriosus) or vascular diseases elsewhere (eg, intracranial aneurysms [ICAs] and occlusive disease). [2] [3] [4] As part of the spectrum of clinical heterogeneity in familial TAAD, we recently described families with multiple members that had TAAD and ICAs or TAAD, ICAs, and abdominal aortic aneurysms (AAAs) inherited in an autosomal dominant manner. 5 A majority of these families did not have a mutation in a known gene for familial TAAD, such as the transforming growth factor (TGF)-␤ receptors type I and II (TGFBR1 and TGFBR2), and smooth muscle aortic ␣-actin (ACTA2).
TAADs are also a complication of genetic syndromes, such as Marfan syndrome (MFS) or Loeys-Dietz syndrome (LDS), which are caused by mutations in fibrillin-1 (FBN1) and the TGFBR1 and TGFBR2, respectively. 6, 7 Although mutations in these genes are associated with syndromic features in addition to TAAD, FTAAD can result from mutations in these genes in the absence of these additional features. 8 -11 Typically, these families represent the mild end of the disease spectrum when compared with MFS and LDS with a later age of onset of TAAD. Recently, a novel form of TAAD with tortuosity throughout the arterial tree, mild craniofacial features, skeletal and cutaneous anomalies, and early-onset osteoarthritis was described. 12 The disorder, termed aneurysms osteoarthritis syndrome (AOS), is due to heterozygous mutations in SMAD3, which encodes a protein involved in downstream cellular signaling initiated by TGF-␤ binding to its receptors (TGFBR1 and TGFBR2). SMAD3 mutations described in AOS patients include missense and frame shift mutations in exon 6 of the gene.
We sought to identify the causative mutation in a large family, TAA549, with dominant inheritance of TAAD, AAA, and ICAs, by performing exome sequencing of 2 distant relatives with TAAD and identifying shared rare variants between these individuals. Using this approach, a novel frame shift mutation was identified in SMAD3 as causing arterial aneurysms in this family. Sequencing of 181 FTAAD probands identified 3 additional SMAD3 mutations in 4 families, indicating that SMAD3 mutations are responsible for approximately 2% of FTAAD and lead to an inherited predisposition for TAAD, ICAs, and AAAs.
Methods

Family Recruitment and Characterization
The study protocol was approved by the Institutional Review Board of the University of Texas Health Science Center at Houston, and the study participants gave informed consent. Families with 2 or more members affected with TAAD were enrolled into the study. Phenotypic characterization of vascular diseases, including TAAD, ICAs, and AAAs, was previously described. 5 Blood or saliva samples were obtained from affected individuals and family members. Medical records, including imaging studies of the aorta and cerebral vessels, surgical reports, hospital records, and physicians' notes, were reviewed. Phenotypic features beyond the vascular system were assessed in 8 SMAD3 mutation carriers examined by clinical geneticists. SMAD3 mutation carriers were interviewed concerning joint pain and complaints, and the medical records were reviewed for diagnosis of osteoarthritis. The ethnicity of the 181 FTAAD probands was 86% European American, 5% African American, 1% Asian, 4% Hispanic, and 3% other ethnicity. SMAD3 variants were only identified in European Americans.
Targeted Capture and Massive Parallel Sequencing
Genomic DNA was extracted from peripheral blood lymphocytes, using standard protocols. Five micrograms of DNA from 2 affected individuals in family TAA549 (1/16 coefficient of relatedness) was used for construction of the shotgun sequencing library as described previously using adaptors for paired-end sequencing. 13 Exome sequences were captured by SeqCap EZ. Exome probes version 1.0 (Roche) and recovered according to manufacturer's directions. Enriched libraries were then sequenced on an Illumina GAIIx using manufacturer protocols.
Read Mapping and Variant Analysis
Reads were mapped to the reference human genome (UCSC hg19) with Burrows-Wheeler Aligner, 14 and variants were called with SAMtools. 15 Insertion-deletion (indel) variants affecting the coding sequence were identified after a Smith-Waterman realignment of the Burrows-Wheeler Aligner calls. Single nucleotide variants and indels were filtered to Ͼ8ϫ and quality Ͼ30. Annotation of variants was performed using the SeattleSeq server (http://gvs.gs.washington.edu/SeattleSeqAnnotation/). The identified variants were then filtered against exome data from 21 control individuals for indels and single nucleotide variants calls to identify novel nonsynonymous and splice acceptor and donor site variant that were present as heterozygous genotype in both individuals. These variants were considered as a candidate mutation.
Confirmation Sequencing and Linkage Analysis
Bidirectional DNA sequencing of candidate variants was done using primers designed 60 to 120 base pairs from the variant. Polymerase chain reaction (PCR) amplifications were carried out using HotStar Taq DNA polymerase (Qiagen Inc, Valencia, CA). PCR products were treated with EXOSAP-IT (Affymetrix, Inc, Santa Clara, CA) to digest the primers and followed with sequencing PCR using the BigDye sequencing reaction mix (Applied Biosystems, Foster City, CA). The sequencing PCR products were purified using the BigDye XTerminator kit (Applied Biosystems) and then loaded on an ABI3730xl sequencing instrument using the Rapid36 run module. DNA sequencing results were analyzed using the Mutation Surveyor software (SoftGenetics, State College, PA). SMAD3 sequencing of all exons and flanking introns were carried out using DNA from 181 probands with FTAAD, and SMAD3 mutations were reported on the basis of RefSeq codes NM_005902.3 (SMAD3 mRNA) and NP_005893.1 (SMAD3 protein). The SMAD3 rare variants identified in family TAA549 and 4 FTAAD probands were not present in 2300 exomes from the Exome Sequencing Project (approximately twothirds European descent and one-third African descent). 16 The mutational status of family members, who carry the mutation but are unaffected and not essential in demonstrating segregation of the mutation with the disease phenotype, are not reported in the pedigrees.
Two-point linkage analysis with candidate variant status was performed in the families with SMAD3 mutations. An affected-only analysis was done with unknown and unaffected individuals both designated as unknown as far as vascular disease status in the analysis. The disease-allele frequency were defined as previously described and 0.001 was the minor allele frequency of the candidate variants. 17 Logarithm of odds (LOD) scores were calculated with MLINK program of the computer software FASTLINK, version 3.P. 18 
Results
The vascular disease in family TAA549 demonstrates autosomal dominant inheritance of a phenotype characterized by presentation of aneurysms involving various arteries, including the thoracic and abdominal aorta, iliac, and intracranial arteries (full phenotypic data of this family was previously reported 5 ; Figure 1A ). DNA from 2 distantly related members (circled in Figure 1A ) affected with thoracic aortic disease underwent exome sequencing and approximately 17 000 variants were identified in each individual. Genetic variants were not pursued further if they were present in the NCBI dbSNP database (GRCh37/hg19), 1000 Genomes Project, and in-house controls (21 control exomes). Because the vascular disease in this family showed autosomal dominant inheritance, the analyses focused on novel, heterozygous nonsynonymous and insertion/deletion variants present in both affected family members. There were 219 and 271 nonsynonymous rare variants, and 4 and 6 frame shift variants in these 2 individuals, but only 11 rare nonsynonymous variants and 1 frame shift mutation were shared (Table 1) . This list included a nucleotide deletion in exon 5 (c.652delA) in SMAD3, resulting in a frame shift mutation (p.N218fs) and introducing a premature stop codon. This frame shift mutation was present in all individuals with vascular disease in the family, including TAAD, ICA, AAA, and bilateral iliac aneurysms ( Figure  1A ). The SMAD3 mutation segregated with vascular diseases in the family with an LOD score of 2.52 and was absent from approximately 2300 control exomes. Therefore, SMAD3 was pursued further as a putative causative gene for FTAAD. SMAD3 exons and flanking introns were amplified and sequenced as a candidate gene for FTAAD, using DNA from 181 unrelated FTAAD probands. Sequencing identified 3 additional variants in 4 families of European descent: p.R279K (c.836GϾA, exon 6) in families TAA071 and TAA072, p.E239K (c.715GϾA, exon 6) in family TAA365, and p.A112V (c.235CϾT, exon 2) in TAA115. The variants p.R279K and p.E239K alter completely conserved amino acids from human to fruit fly ( Figure 2 ) and are predicted to disrupt protein function based on PolyPhen-2 analysis and HOPE analyses. 19 Both mutations are located in the MH2 domain and are predicted to affect hydrogen-bond formations. Furthermore, p.R279K is located within a region that interacts with XPO4 (exportin-4) to promote SMAD3 nuclear export. 20 SMAD3 p.A112V is conserved from human to goldfish but not in fruit fly, is predicted to be possibly damaging, and segregates with disease in the family with decreased penetrance. It is notable that clinical features of the SMAD3 p.A112V mutation carriers overlapped with AOS, including thoracic aneurysms involving the aortic root, bifid uvula, scoliosis, and early-onset osteoarthritis. Therefore, we have classified this variant as disease-causing but cannot exclude the possibility that it is a benign variant. All variants were not present in approximately 2300 control exomes. In fact, only 5 rare variants were identified in SMAD3 in the 2300 exomes with 4 of these variants predicted to be benign. Only 1 variant (p.Y297S) was predicted to disrupt protein function. Segregation of the variants with thoracic aortic disease was confirmed in TAA071, TAA072, TAA365, and TAA115 but decreased penetrance, especially in younger family members, was evident. The SMAD3 mutations segregated in these families with a combined LOD score of 2.69, making the combined LOD score for all families 5.21.
Phenotypic features associated with the FTAAD in individuals with SMAD3 mutations were compared with the phenotype reported in AOS patients. There are 31 individuals who carry SMAD3 mutations and 11 obligate carriers and family members at 50% risk of inheriting the mutation and presented with aortic dissection. Of these 42 individuals, 21 individuals presented with a thoracic aortic aneurysm and/or dissection, 4 with intracranial aneurysm or subarachnoid hemorrhage, 2 with abdominal aortic aneurysm, and 2 with bilateral iliac aneurysms. The average age at presentation of disease was 45.1 years (42 years for thoracic aortic dissections and 51 years for ICAs or subarachnoid hemorrhage). Of note, 2 individuals from the TAA071 family who carried the SMAD3 mutation had more than 1 vascular disease: One member presented with an aortic root aneurysm that was successfully repaired at age 53 years and then subsequently died at age 57 years from a subarachnoid hemorrhage, and another member had a type A dissection at age 37 years and was found to have ectasia of the iliac arteries. Tortuous arteries were noted in 1 of 17 patients who underwent aortic CT or MRI and 2 of 6 who had similar cerebrovascular imaging. All 3 individuals belong to family TAA071. Three individuals were noted to have mitral valve prolapse and 2 individuals had myxomatous mitral valve. One mutation carrier had an atrial septal defect. Two individuals had mild to moderate concentric ventricular hypertrophy. None of the individuals were reported to have other heart defects that were reported in AOS patients, specifically patent ductus arteriosus and atrial fibrillation.
In this cohort of patients, 11 individuals presented with a type A dissection (Stanford classification and defined as dissections initiating in the ascending aorta), 1 individual with a type B dissection (initiating in the descending aorta just distal to the take off of the subclavian artery), and 1 individual with an unspecified thoracic aortic dissection. One individual died suddenly at the age of 55 years of unknown cause. The average age of onset of dissection was 42 years (range, 25 to 54 years). There were 8 individuals who had either mild dilatation or aortic root aneurysm (defined as aneurysms at the level of the sinuses of Valsalva), with an average age of 36.6 years at diagnosis (range, 17 to 74 years). Ascending aortic diameters at the time of type A dissection were not reported for most of these individuals; however, 1 individual was noted to have a 50-mm aortic root aneurysm on visual examination at the time of repair of a type A dissection. Three members of the TAA071 had elective repair of their aortic root at 45 mm, 56 mm, and 65 mm, and a member of the TAA072 family is currently 76 years old and has a 47-mm aortic root aneurysm on echocardiographic imaging. It is notable that 13 women with SMAD3 mutations had an average of 3 pregnancies without vascular complications during pregnancy or postpartum.
Cardiovascular and joint disease in SMAD3 mutation carriers are summarized in Table 2 . Eight individuals who were evaluated by a geneticist were assessed for phenotypic features of MFS, LDS, and AOS (Figure 1 and Online Table I, available at http://circres.ahajournals.org). All families except TAA365 (p.E239K) had at least 1 member with osteoarthritis. Seven individuals were noted to have osteoarthritis, 2 with degenerative disc or joint disease, and 2 others reported painful joints. Three individuals with osteoarthritis reported age of onset of the disease in their 40s. Those individuals with osteoarthritis reported disease affecting multiple joints, some with deforming or disabling disease. Fourteen of 25 mutation carriers did not have joint pain or other joint complaints.
Discussion
Exome sequencing of 2 distantly affected relatives efficiently and successfully identified a frame shift mutation in SMAD3 as the cause of vascular disease in a family with arterial aneurysms and dissections inherited in an autosomal dominant pattern. Family members with the SMAD3 frame shift mutation presented with ascending thoracic aortic aneurysms leading to aortic dissections and ICAs with subarachnoid hemorrhage, along with abdominal aortic and bilateral iliac artery aneurysms. Subsequent sequencing of families with multiple members with thoracic aortic aneurysms and acute aortic dissections identified SMAD3 mutations in 2% of FTAAD, similar to the frequency of TGFBR2 mutations in FTAAD. 8 The vascular disease presentations in these families were primarily TAAD, ICAs, and AAAs, and 2 individuals presenting with TAAD subsequently were diagnosed with vascular disease elsewhere (subarachnoid hemorrhage and iliac ectasia). We had recently described families with autosomal dominant inheritance of TAADs, ICAs, and AAAs, and this study confirms that families with autosomal dominant inheritance of aneurysms in different vascular beds can result from a single gene mutation. 5 It is notable that although SMAD3 mutations were identified in some families with TAAD, ICA, and AAA, other families described with autosomal dominant inheritance of TAAD/ICA or TAAD/ICA/ AAA were not found to have SMAD3 mutations. Therefore, there are additional genes to be identified for the phenotype of presentation with TAAD/ICA/AAA and TAAD/ICA.
SMAD3 mutations were previously reported in families with AOS, a syndrome characterized by aneurysms, dissections, and arterial tortuosity, along with early-onset osteoarthritis. The most clinically significant difference between the families described here and the previously reported AOS families was the presentation of ICAs in affected members of FTAAD families. These data suggest that the cerebrovascular circulation must be imaged for aneurysms in SMAD3 mutation carriers, in addition to the entire aorta and its branches. These recommendations are similar to the recommendation for TGFBR1 and TGFBR2 mutation carriers. 7, 21 In distinct contrast to TGFBR2 mutations, dissections with little to minimal enlargement of the aortic root were not observed in SMAD3 patients. Although some of the SMAD3 mutation carriers in our families had osteoarthritis, which was crippling in a few individuals, the majority of SMAD3 mutation carriers did not report osteoarthritis or joint pain or deformities. However, it is important to note that the AOS families had thorough imaging for osteoarthritis, whereas individuals in this study did not undergo imaging and the diagnosis of osteoarthritis and joint pain were based on review of medical records and interviews to assess joint pain. In addition, arterial tortuosity was noted only in a minority of affected members of the FTAAD families despite CT and MRI imaging. Families in this study were recruited worldwide, and only a few affected individuals were fully assessed for cutaneous and skeletal features of MFS, LDS, and AOS (Online Table I ). Although broad or bifid uvula, prominent cutaneous veins, easy bruising, and joint hyperflexibility were noted in a few, these findings were not present in a majority of mutation carriers who were examined.
The SMAD3 mutations identified in FTAAD were found in exons 2, 5, and 6. Previously reported SMAD3 mutations in AOS patients all fell in exon 6. Frame shift mutations were identified in both studies. Although fibroblasts were not available from an individual reported here with the SMAD3 frame shift mutation in exon 5, van de Laar et al 12 did show that the frame shift mutation in exon 6 results in nonsense mediated decay, suggesting that the frame shift mutation leads to SMAD3 haploinsufficiency. TGF-␤ initiates cell signaling by binding to its type I and type II receptors (encoded by TGFBR1 and TGFBR2, respectively), inducing phosphorylation and activation of the type I receptor by the type II receptor. The type I receptor kinase then phosphorylates cytoplasmic substrates, including SMAD2 and SMAD3. SMAD2 and SMAD3 are structurally similar but clearly have functionally distinct roles in cell signaling that is perhaps best illustrated by Smad-specific deficient mice. Smad2 null mice die before birth, whereas Smad3 null mice live into adulthood. 22, 23 Assessment of TGF-␤ signaling in lung fibroblasts and hepatic stellate cells, which differentiate into myofibroblast with hepatic injury, have suggested that the pathway for TGF-␤-driven differentiation fibroblasts and hepatic stellate cells into myofibroblasts involves primarily SMAD3 rather than SMAD2. 24, 25 The lack of differentiation of myofibroblasts of Smad3 Ϫ/Ϫ fibroblasts is marked by decreased expression of ␣-actin, a major marker for differentiated myofibroblasts. The defect in myofibroblast differentiation is illustrated by the finding that Smad3 Ϫ/Ϫ mice are resistant to fibrosis when compared with wild-type mice, including lung fibrosis induced by bleomycin treatment and liver fibrosis induced by dimethylnitrosamine. Studies of cardiac fibroblasts isolated from Smad3 Ϫ/Ϫ mice also showed decreased ␣-actin expression compared with wild-type fibroblasts, along with decreased contraction in collagen gels and decreased production of type III collagen and connective tissue growth factor. 26 These findings are remarkably similar to analyses of TGFBR2 mutant fibroblasts and smooth muscle cells compared with wild-type cells. 27 TGFBR2 mutant fibroblasts and smooth muscle cells show decreased expression of ␣-actin, along with other contractile proteins. Published studies of diseased aortic tissue obtained from patients with SMAD3 mutations paradoxically showed increased staining for connective tissue growth factor and collagen, along with increased phosphorylated SMAD2 and increased SMAD3 protein. 12 Further studies are needed to determine how SMAD3 mutations disrupt TGF-␤ signaling, with careful analysis of TGF-␤ signaling both at the cellular level and in the diseased aortic tissue. Differences between these systems may result from the fact that the diseased aorta is exposed to altered cell signaling pathways from the progressive disease processes (eg, cytokines and proteases) and continuous biomechanical forces from the pulsatile blood flow.
In summary, SMAD3 mutations are responsible for 2% of familial thoracic aortic aneurysms and dissections. Mutations are found in families with TAAD alone, along with families with inheritance of a combined phenotype of TAAD, ICAs, and AAAs. Although osteoarthritis, arterial tortuosity, and cutaneous and skeletal features of the MFS, LDS, and AOS can be identified in some mutation carriers, these findings are notably absent for many patients from this cohort. SMAD3 mutation should be considered as a possible cause of FTAAD, in particular in those families with features of AOS, families with aortic root aneurysms, or families with ICAs and AAAs in addition to TAAD. Finally, the presentation of aneurysms involving various different arteries in family members harboring the same SMAD3 mutation indicates that these mutations predispose to a diffuse vasculopathy extending beyond the ascending aorta.
